We present a detailed analysis of several time-dependent DFT (TD-DFT) methods, including conventional hybrid functionals and two types of non-empirically tuned range-separated functionals, for predicting a diverse set of electronic excitations in DNA nucleobase monomers and dimers. This large and extensive set of excitations comprises a total of 50 different transitions (for each tested DFT functional) that includes several n  π and π  π* valence excitations, long-range charge-transfer excitations, and extended Rydberg transitions (complete with benchmark calculations from high-level EOM-CCSD(T) methods). The presence of localized valence excitations as well as extreme long-range charge-transfer excitations in these systems poses a serious challenge for TD-DFT methods that allows us to assess the importance of both short-and long-range exchange contributions for simultaneously predicting all of these various transitions. In particular, we find that functionals that do not have both short-and full long-range exchange components are unable to predict the different types of nucleobase excitations with the same accuracy. Most importantly, the current study highlights the importance of both short-range exchange and a non-empirically tuned contribution of long-range exchange for accurately predicting the diverse excitations in these challenging nucleobase systems.
Introduction
The electronic properties of DNA nucleobase complexes continue to be an active area of research due to their importance in condensed-phase chemistry, 1-3 nanotechnology, 4, 5 and new bio-detection technologies. 6 In particular, a deep understanding of nucleobase complexes using first-principles methods is vital for these new technologies since electronic effects directly impact the stability 7 and optical properties 8 of nanostructures that are assembled from these molecules. As researchers continue to use DNA complexes to create three-dimensional nanostructures for circuits and plasmonic devices, [9] [10] [11] [12] there is a crucial need for efficient and accurate theoretical methods for predicting the electronic properties of these large systems.
Despite the growing amount of experimental and theoretical work in this field, the electronic properties of DNA double helices are still not well understood and remain controversial. [13] [14] [15] [16] Even at nucleobase monomer and dimer sizes, discrepancies between experiment and the different theoretical models remain, and the path to improving the theoretical predictions for these systems is not obvious. As a result, a detailed study of computationallyefficient density functional theory (DFT) methods against high-quality wavefunction-based models is necessary for obtaining efficient and accurate predictive methods for these complex systems. Very recently, Szalay and co-workers 17 presented a thorough study of excitation energies of all the DNA nucleobases (adenine, cytosine, guanine, and thymine) as well as the stacked adenine-thymine pair, stacked guanine-cytosine, and the Watson-Crick (WC) pair of guanine-thymine, as shown in Fig. 1 . In this previous study, Szalay and co-workers calculated several excited states including valence excitations, charge-transfer (CT) transitions, and
Rydberg excitations using the equation of motion coupled-cluster method with single and double excitations (EOM-CCSD). In particular, these researchers found that the inclusion of perturbative triple excitations at the EOM-CCSD(T) level of theory was essential since the errors of lower-level EOM-CCSD methods could be as large as 0.3 eV. At the TD-DFT level of theory, we are fully aware of previous studies on WC pairs, 18, 19 hydrogen-bonded and stacked complexes, 20, 21 adenine dimers, 22, 23 cytosine dimers, 24 thymine dimers, 25 and AT and GC pairs. 26, 27 However, as pointed out by Szalay et al., most of these previous studies only investigated a few low-lying excitation states, and comparisons in these studies were typically made to lower-level wavefunction-based methods such as CIS, CC2, and EOM-CCSD (without the important perturbative triple excitations). Considering the high computational cost of the
EOM-CCSD(T) calculations, Szalay et al. specifically called for "new approximate methods that
can treat different types of excitations with the same accuracy" in these systems. 17 In this work, we present a detailed analysis of several modern time-dependent DFT (TD-
DFT) methods benchmarked against the high-level EOM-CCSD(T) calculations by Szalay and
co-workers. The DFT methods studied here include several conventional hybrid functionals as well as two types of range-separated functionals that have been non-empirically tuned to satisfy Janak's theorem. 28 As explained extensively in Ref. 29 , Koopman's theorem allows us to equate the fundamental gap to the band energy difference in Hartree-Fock theory; however, in KohnSham DFT, one must instead use Janak's theorem as it accounts for the discontinuity in the exchange-correlation potential in an N-electron system. Our group and other researchers have previously used these range-separated functionals to predict long-range charge transfer effects in solar cell dyes, 30, 31 quasiparticle gaps in molecules, 29, 32 and excitation states in light-harvesting organic photovoltaics. [33] [34] [35] [36] [37] In this study on DNA nucleobase complexes, we examine a large and diverse set of excitations that comprises a total of 50 different transitions, including several n  π and π  π* valence excitations, long-range charge-transfer excitations, and extended Rydberg transitions. Most importantly, in order to address the need for treating different types of excitations with the same accuracy, we specifically highlight the importance of using both shortand full long-range exchange for accurately predicting the various excitations in these complex nucleobases. Specifically, we find that functionals that do not have both short-and full longrange exchange components are unable to predict the different types of excitations in these systems with the same accuracy. Finally, we give a detailed analysis for each of the nucleobases and discuss the implications for simultaneously predicting the diverse excitations in these challenging nucleobase systems.
Theory and Methodology
Since the purpose of this work is to assess the accuracy of both conventional and rangeseparated functionals (with particular emphasis on the short-and long-range exchange contributions in the latter) in various nucleobase excited states, we briefly outline the underlying theories for each. One of the most widely used linear-response TD-DFT schemes for calculating excitation energies involves the use of global hybrid functionals, where a certain fraction of Hartree-Fock (HF) exchange is admixed with a DFT approximation for the exchange-correlation energy. Within a simple one-parameter mixing scheme, the exchange-correlation energy for a conventional global hybrid functional is given by 
The "erf" term denotes the standard error function, r12 is the interelectronic distance between electrons 1 and 2, and μ is the range-separation parameter in units of Bohr -1 . The other extra parameters, α and β, satisfy the following inequalities: 0 ≤ α + β ≤ 1, 0 ≤ α ≤ 1, and 0 ≤ β ≤ 1.
The parameter α in the partitioning allows a contribution of HF exchange over the entire range by a factor of α, and the parameter β allows us to incorporate long-range asymptotic HF exchange by a factor of (α + β). When α = 0.2 and β = 0.0, the exchange-correlation energy reduces to a B3LYP-like functional (as shown in Ref. 43 , it is not exactly B3LYP due to an extra exchange term, but the two expressions are closely related). The CAM-B3LYP functional of
Yanai and co-workers 44 uses α = 0.19, α + β = 0.65, and μ = 0.33; however, the CAM-B3LYP functional does not incorporate a "full" range-separation as it only has 65% HF exchange at long-range (instead of the correct 100% asymptotic HF exchange). In our previous work on range-separated functionals, 30, 32, 33, 36, 45 we have used and parameterized "full" range-separation schemes that correspond to setting α = 0.0 and β = 1.0. In particular, we 33 and others 34, 35 have previously shown that maintaining a full 100% contribution of asymptotic HF exchange is essential for accurately describing valence excitations in even relatively simple molecular systems. However, there has been recent work [46] [47] [48] [49] 
where HOMO ( ) is the HOMO of the N-electron system, and IP  (N) is the energy difference between the ground state energies of the N and N -1 electron systems with the same value of .
As mentioned previously and described in Ref. 29 , the derivative of the total DFT energy with respect to electron number is discontinuous at the N-electron point, and a theorem that formally relates the LUMO energy to the electron affinity does not exist. This problem is circumvented by including the second term in Eq. (3) by considering the HOMO of the N + 1 electron system.
Although this nonempirical tuning procedure directly modifies the HOMO and LUMO energies of the system, we 32 and others 29 have previously shown that this method also significantly improves the description of excited state properties, which we explore further in this study.
In order to accurately compare our TD-DFT calculations to high-level EOM-CCSD(T) benchmarks, identical molecular geometries obtained from Szalay et al. 17 were used in this work.
The Cartesian coordinates for all the systems studied here are listed in the Supporting Information for completeness. In addition, and most crucial to our study, difference densities for all of our TD-DFT calculations (including all 50 transitions for each DFT functional) were generated and carefully compared to the original transition densities from Szalay et al. 17 Optimal μ values were determined for adenine, cytosine, guanine, thymine, an adenine-thymine stacked pair, a guanine-cytosine stacked pair, and a guanine-cytosine Watson-Crick pair. For each of these systems, we computed J 2 in Equation (3) provides a non-empirical prescription for determining α; however, the effort required to assign all 50 nucleobase excitation energies (for each DFT method) is already quite onerous, so we reserve these two-dimensional tuning approaches for a subsequent study. Nevertheless, it is important to note that both of the different LC-BLYP parameterizations used in this work still recover the full 100% exchange at asymptotic distance (α + β = 1.0) even though each parameterization has a different exchange contribution at short range. In order to determine the optimal range-separation value for each system, we carried out several single-point energy calculations by varying μ from 0.05 to 0.7 (in increments of 0.05) for each of the N, N + 1, and N -1 electron states. Figure 2 shows the smooth curves resulting from computing J 2 as a function of μ for each of the nucleobase geometries. Spline interpolation was used to refine the minimum for each individual system, and Table 1 contains a summary of the optimal μ values. It is worth noting that the short-range DFT exchange in Eq. (2) decays rapidly on a length scale of ~1/μ and, therefore, smaller values of μ are more appropriate for larger molecules (i.e., a smaller value of μ enables the short-range Coulomb operator to fully decay to zero on the length scale of the molecule). Indeed, the optimal μ values in Table 1 reflect these trends with the larger-sized dimers having slightly smaller values of μ than the monomers. Once they were determined, the μ parameters given in the table were used for all subsequent LC-BLYP TD-DFT calculations. All calculations were carried out with the Gaussian 09 package 52 using default SCF convergence criteria (density matrix converged to at least 10 -8
) and the default DFT integration grid (75 radial and 302 angular quadrature points). For each system, the 20 lowest excitation states were determined and assigned by examining both the oscillator strength and the charge density difference between the ground and excited states and comparing them to the assignments given in Szalay et al. 17 Rydberg orbitals are denoted by R, pi orbitals by π, and lone pair orbitals by n. 
where Xia and Yia are the virtual-occupied and occupied-virtual transition amplitudes, respectively, and Oia is the spatial overlap of the moduli of the two orbitals. By construction, Λ is bounded between 0 and 1, with small values signifying a long-range charge-transfer excitation
and large values signifying a localized, short-range transition. Extensive benchmarks given by Peach and co-workers indicated that excitations with Λ < 0.3 imply little orbital overlap and significant long-range charge transfer excitations that produce inaccuracies in hybrid functionals. 53 The Λ diagnostic was carried out for all systems and their various excitation energies at the B3LYP/TZVP level of theory.
Results and Discussion
A concise summary and analysis of all 50 nucleobase excited-states obtained by TD-DFT (M06-HF, B3LYP, CAM-B3LYP, LC-BLYPα=0.0,β=1.0 and LC-BLYPα=0.2,β=0.8) in comparison to EOM-CCSD(T) benchmarks is given in Table 2 . Detailed excited state energies, oscillator strengths, and transition assignments are given in Table 3 for the monomers, and similar data are collected in Table 4 for the stacked pairs and Watson-Crick pair. Overall, the range-separated functionals give significantly better predictions for the excited state properties than the conventional hybrid functionals. Based on the mean absolute error, the predictions made by CAM-B3LYP and the two LC-BLYP functionals are roughly equivalent for the monomers;
however, both versions of LC-BLYP are considerably more accurate than CAM-B3LYP for the GC Watson-Crick pair, particularly for CT excitations in this system. We discuss and analyze the results in detail for each of the various systems in the following sections.
Monomers
Upon examination of Table 3 , we find that all five TD-DFT methods give the correct ordering of transitions for adenine, cytosine, guanine, and thymine. In this work, the excitation energies for adenine are most accurately calculated by LC-BLYPα=0. Although the valence excitations only involve localized short-range transitions, we still find that some amount of short-range HF exchange (present in both CAM-B3LYP and LC-BLYPα=0.2,β=0.8)
slightly improves the accuracy of these excitations in comparison to the standard LC-BLYPα=0.0,β=1.0 results. We posit that non-negligible self-interaction errors (SIE) are still present in these short-range transitions and the inclusion of some short-range HF exchange partially reduces the SIE in these localized excitations. As a whole, we find that both the CAM-B3LYP
and LC-BLYPα=0.2,β=0.8 functionals give an accurate and balanced prediction of the various valence and Rydberg excitations in the nucleobase monomers.
Adenine-Thymine Stacked Pair
We now turn to our first nucleobase dimer composed of an adenine and thymine π-stacked geometry with an intermolecular separation of 3.154 Å. The excitation energies and oscillator strengths for the AT stacked pair are given in Table 4 , and a visualization of the charge density difference for various excitations is given in Figure 3 . As seen in the table, all three range-separated methods more closely reproduce the EOM-CCSD(T) benchmark excited state energies and oscillator strengths, compared to M06-HF or the widely-used B3LYP functional.
While all three perform equally well for the majority of the excitation energies, the standard LC-BLYPα=0.0,β=1.0 functional is the most accurate for the CTA T excitation originally assigned by Szalay et al. For this specific excitation, CAM-B3LYP has the highest error among the rangeseparated functionals, followed by LC-BLYPα=0.2,β=0.8. It is particularly interesting that we also find several excitations in the AT stacked pair that have Λ < 0.4, indicating charge-transfer, even though none of these are explicitly assigned as charge-transfer excitations in the Szalay paper (i.e., An-1  2π* and Tn-1  2π*). For these particular excitations, the range-separated methods that include short-range exchange (CAM-B3LYP and LC-BLYPα=0.2,β=0.8) give the best predictions, with the standard LC-BLYPα=0.0,β=1.0 being the least accurate.
As a whole, the TD-DFT methods give reasonable predictions for the specific ordering of excited-state energies, although there are a few outliers. All of the techniques place the 1(ππ*) transition higher in energy than the 2(ππ*) transition, breaking the smooth increasing trend in the benchmark data; however, this effect is much worse for M06-HF than for the other four methods.
In the EOM-CCSD(T) benchmark data, the 4(ππ*) transition is lower in energy than the 3(nπ*)
transition, but the opposite is true for all of the TD-DFT methods except B3LYP. In addition, all 
Guanine-Cytosine Stacked Pair
Our next nucleobase dimer is another π-stacked system, but composed of a guanine and cytosine geometry separated by a distance of 3.104 Å. The excitation energies and oscillator strengths are given in Table 4 , and visualizations of the charge density differences for selected excitations are given in Figure incorporates full 100% asymptotic HF exchange, described the Rydberg transitions less well, and the B3LYP functional describes these same excitations quite poorly.
As is the case for the AT stacked pair, the ordering of excited-state energies in the GC stack relative to the EOM-CCSD(T) benchmarks is relatively good with a few outliers, although M06-HF has one more error than the other four methods. Specifically, the 2(nπ*) transition is placed at a lower energy than the 1(nπ*) transition in M06-HF, while the opposite is true in the benchmark data. While the EOM-CCSD(T) data places the 3(ππ*) charge-transfer transition at a lower energy than the 4(ππ*) transition, the TD-DFT methods all show the opposite trend. The opposite problem occurs with the 3(nπ*) transition, which is placed at a lower energy than the 5(ππ*) transition by the TD-DFT methods but at a higher energy by EOM-CCSD(T). The inconsistencies in transition order for this second pair, however, do not involve especially high absolute errors for the range-separated functionals. Overall, the LC-BLYPα=0.0,β=1.0 functional (without short-range exchange) best describes the excitation energies of the guanine-cytosine stacked pair, with the other two range separated functionals performing nearly as well.
Guanine Cytosine Watson-Crick Base Pair
Finally, we examine a Watson-Crick (WC) nucleobase pair formed via 3 hydrogen bonds between a guanine and cytosine (GC) molecule. The excitation energies and oscillator strengths for the GC WC pair are given in Table 4 , and a visualization of the charge density difference for selected excitations is given in Figure 5 . 
